Immunopharmacology 




ELSEVIER Immunopharmacology 47 (2000) 1 27- 1 62 



www.elsevier.com/locate/immpharm 

Review 



Immunosuppressive and anti-inflammatory effects of cyclic AMP 
phosphodiesterase (PDE) type 4 inhibitors 

John E. Soilness*, David Aldous, Carol Sargent 

Discovery Biology 1 (JA3-D, Aventis Pharma Ltd., Dagenham Research Centre. Rainham Road South, Dagenham, Essex RMW 7XS, UK 

Received 14 December 1999; accepted 14 December 1999 



1. Introduction 

It has been approximately a decade since early 
studies (Crummey et al., 1987; Torphy and Undem, 
1991) first highlighted the anti-inflammatory and 
smooth muscle relaxant effects of cyclic AMP phos- 
phodiesterase (PDE) 4 inhibitors that suggested their 
potential in the treatment of asthma. During the 
intervening period, many pharmaceutical companies 
have embarked on programs of work to identify their 
own PDE4 inhibitors, not only for the treatment of 
asthma, but also other chronic inflammatory diseases 
such as arthritis, chronic obstructive pulmonary dis- 
ease (COPD), atopic dermatitis and multiple sclero- 
sis (MS). At the time of writing (mid- 1999), over 
450 patents have been published and several com- 
pounds have been evaluated in the clinic, mostly for 
asthma. However, in general, the clinical results to 
date with PDE4 inhibitors in asthma have been 
disappointing and several development compounds 
have been discontinued. As well as this intensive 
activity on the pharmaceutical front, the last 10 years 
have witnessed great leaps forward in our under- 
standing of the molecular biology and biochemistry 
of PDE4 as well as the pharmacology of PDE4 
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inhibitors, which may create opportunities for future 
therapeutic innovations. 

The current article briefly reviews the molecular 
biology and biochemistry of PDE4 as well as the in 
vitro and in vivo data supporting the view that PDE4 
inhibitors are potentially exciting novel drugs for the 
treatment of chronic inflammatory diseases. The rea- 
sons for the failure of PDE4 inhibitors in the clinic 
are addressed and the possibility that advances at the 
molecular level will translate into the identification 
of PDE4 inhibitors with greater therapeutic success 
is critically discussed. 



2. Cyclic AMP cascade 

Cyclic AMP is a ubiquitous second messenger 
that transduces intracellular signals initiated by many 
biologically active agents exerting their effects 
through activation of adenylyl cyclase. It plays an 
important role in the immune system, exerting gener- 
ally suppressive effects on the functions of inflam- 
matory and immunocompetent cells (Kammer, 1988). 
The only known way in which cyclic AMP exerts its 
biological actions is through binding to the regula- 
tory subunit (R) of the heterodimeric cyclic AMP- 
dependent protein kinase (PICA) leading to dissocia- 
tion of the catalytic subunit (C), which phosphory- 
lates and changes the activities of target proteins, 
thereby altering cellular functions (Scott et al., 1991). 
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Cyclic AMP levels are controlled by extrusion from 
the cell (Wiemer et al., 1982) or by cyclic AMP 
PDE, which is the only means of degrading the 
second messenger. 

A complex picture of the cyclic AMP cascade has 
emerged over the past few years with the demonstra- 
tion of multiple forms of adenylate cyclase (at least 
nine) (Sunahara et al., 1996), PKA (Faux and Scott, 

1996) and cyclic AMP PDE (see below). Evidence 
for the segregation of G-coupled receptors to discrete 
regions of the plasma membrane of cells indicates 
that the pattern of cyclic AMP gradients generated 
within the cell in response to different extracellular 
stimuli may not be uniform (Houslay and Milligan, 

1997) . The intracellular cyclic AMP 'detecting' sys- 
tem is also spacially complex. Two regulatory sub- 
units of PKA have been identified, one of which (RI) 
is exclusively cytosolic, whereas the other (Rll) is 
targeted towards membranes in various intracellular 
locations through binding to a variety of A kinase 
anchoring proteins (AKAPs) (Faux and Scott, 1996). 
A picture thus emerges (Houslay and Milligan, 1997) 
of cyclic AMP synthesis and detection being a 'highly 
vectorial process' possessing distinctive regulatory 
features with PKA-RII serving to 'sample' cyclic 
AMP concentrations in distinct intracellular compart- 
ments. As discussed later on, there is now evidence 
that cyclic AMP PDE can also be targeted to differ- 
ent intracellular sites by anchoring proteins (APs). 
Thus, it is likely that different 'compartmentalized' 
cellular functions are regulated by spatially distinct 
adenylate cyclases, PKAs and cyclic AMP PDEs 
(Houslay and Milligan, 1997). 



3. PDE isoenzyme family 

Cyclic nucleotide PDEs (EC 3.1.4.17), discovered 
more than 30 years ago (Butcher and Sutherland, 
1962), hydrolyse the phosphodiester bond of purine 
cyclic nucleotides (cyclic AMP, cyclic GMP) to their 
corresponding 5'-mononucleotides (5'-AMP, 5'- 
GMP), which do not activate cyclic nucleotide-de- 
pendent protein kinases. Multiple PDEs have been 
identified (Beavo et al., 1994). These isoenzymes 
differ in their substrate specificity, kinetic properties, 
responsiveness to endogenous regulators (Ca 2+ / 
calmodulin, cyclic GMP), and susceptibility to inhi- 



bition by various compounds. Furthermore, it has 
been demonstrated that many cyclic nucleotide PDEs 
are separate gene products with multivariant regula- 
tory (Ca 2+ /calmodulin, cyclic GMP binding sites) 
and other ill-defined domains linked to highly con- 
served ( > 60% amino acid identity) and homologous 
catalytic sequences (approximately 300 amino acids), 
which are located near the carboxyl terminus of the 
enzyme. Until recently, seven major families had 
been identified (Table 1). These families are desig- 
nated by the Arabic numerals 1, 2, 3, 4, 5, 6 and 7 
and correspond to Ca 2+ /calmodulin-stimulated-, 
cyclic GMP-stimulated-, cyclic GMP-inhibited-, 
cyclic AMP-specific-, cyclic GMP-specific-, pho- 
toreceptor- and rolipram-insensitive (cyclic AMP- 
specific)-PDEs, respectively. Two further families, 
PDE8 and PDE9, have recently been identified from 
expressed sequence tags (ESTs) as part of the ongo- 
ing efforts to identify and sequence all known ex- 
pressed genes in the human genome and through 
traditional cloning studies in murine tissues. PDE8 is 
a cyclic AMP-specific PDE which is resistant to 
inhibition by specific inhibitors of other isoenzymes 
as well as the non-selective inhibitor, 3-isobutyl-l- 
methylxanthine (1BMX) (Fischer et al., 1998a; 
Hayashi et al., 1998). PDE9 is highly specific for 
cyclic GMP but is only weakly inhibited by PDES 
inhibitors such as zaprinast and sildenafil (Fischer et 
al., 1998b). Murine homologues of PDE8 and PDE9 
have also been cloned and characterized (Soderling 
et al., 1998a,b). The recently reported murine, dual- 
substrate PDE 10 exhibits higher affinity for cyclic 
AMP (K m : 0.05 fxM) than cyclic GMP (K m : 3.0 
\xM) (Soderling et al., 1999). In the future, it is 
likely that other families will be identified. 

Members of one family share 20-25% sequence 
homology with members of another. Each family 
contains two or more related subfamilies (designated 
with a capital letter), which are derived from similar 
(70-90% homology) but distinct genes. Furthermore, 
several of the subfamilies have multiple members 
(designated with Arabic numerals) produced by al- 
ternative mRNA splicing or different start sites for 
translation of the protein. Thus, the accepted nomen- 
clature for describing products of PDE4 genes is 
based on (1) the first two letters indicating the 
species (HS, Homosapiens\ RN, Rattus noruegicus), 
followed by (2) PDE, for phosphodiesterase, (3) an 
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Table 1 

Properties and selective inhibitors of cyclic nucleotide phosphodiesterase isoenzymes 

Nomenclature based on Beavo et al. (1994). 

PDE family Isoenzyme * m frxM) Subtypes 

Cyclic AMP Cyclic GMP 



I 


Ca 2 + /CaM-stimulated 


2-70 


2-20 


2 


cGMP-stimulated 


30-100 


10-30 


3 


cGMP-inhibited 


0.1-0.5 


0.1-0.5 


4 


cAMP-specific 


0.5-4.0 


>50 


5 


cAMP-specific 


>40 


1.5 


6 


Photoreceptor 


>500 


60 


7 


Rolipram-insensitive cAMP-specific 


0.2 


> 1000 


8 


IBMX-resistant, cAMP-specific PDE° 


0.15 


> 100 


9 


High-affinity cGMP PDE 0 


230 


0.07-017 


10 


Dual specificity PDE4 a 


0.05 


3.0 



0 Recently identified, novel PDE isoenzymes for which no agreed family name has been designated. 



Arabic numeral for the PDE family, (4) a single 
letter for the gene (A, B, C, D for each of the four 
PDE4 gene families), (5) an Arabic numeral for the 
splice variant and (6) a single letter for the report 
(Beavo et al., 1994). 



4. Biochemistry and molecular biology of PDE4 

4.1. Multiple PDE4 forms 

Four human and rat PDE4 genes (PDE4A, B, C, 
D) have been identified and their locations on human 
and mouse chromosomes determined (Houslay et al., 



1998) (Table 2, Fig. 1). Multiple splice variants exist 
for at least three of the four PDE4 genes (Houslay et 
al., 1998). The conservation of many individual mR- 
NAs between human and rat demonstrates PDE4 to 
be a highly conserved multigene family. Sequence 
analysis has identified several highly conserved do- 
mains in PDE4 subtypes. The catalytic domain, which 
encompasses approximately 300 amino acids, is 
highly conserved in all PDE isoenzymes. There are 
two upstream conserved regions (UCRs 1 and 2) 
towards the N-terminal. PDEs that contain both UCRs 
are known as long forms, whereas those that lack the 
extreme N-terminal UCR-1 are known as short forms. 
UCR-1 (~55 residues) is separated from UCR-2 



Table 2 



Human PDE4 subtypes and splice variants identified to date 


Subtype 


Genebank name 


Accession number 


Chromosome locus 


Amino acids 


PDE4A 


HSPDE4A1 


U97584 


19 


611 




HSPDE4A4 


L20965 




886 


PDE4B 


HSPDE4B1 


L20966 


lp31 


736 




HSPDE4B2 


M97515/L12686/L20971 




564 




HSPDE4B3 


U85048 




721 


PDE4C 


HSPDE4C1 


Z46632 a 


19 


712 




HSPDE4C4 


U66346 




791 


PDE4D 


HSPDE4D1 


U50157/U79571 


5ql2 


586 




HSPDE4D2 


U50158/AF0 12074 




508 




HSPDE4D3 


L20970/U50159 




673 




HSPDE4D4 


L20969 




810 




HSPDE4D5 


AF0 12073 




746 



incorporates an artifact of cloning and has not been shown to encode an active enzyme. Four rat PDE4 genes have also been identified 
and many of the individual mRNAs are conserved between humans and rats. For a more exhaustive analysis of the PDE4 clones and 
isoforms, see Houslay et al. (1998). 
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Fig. I. PDE4 subtypes and splice variants. The positions of catalytic domain and upstream conserved regions (UCR-1 and UCR-2) are 
represented by the shaded boxes. Alternative mRNA splicing results in short forms in which UCR-1 is deleted and long forms with extended 
N-termini. For more exhaustive analysis of PDE4 clones, see Houslay et at. (1998). 



(~ 74 residues) by a linker region (LR-1) of approx- 
imately 33 residues and UCR-2 is separated from the 
catalytic domain by LR-2, which is approximately 28 
residues in length (Houslay et al., 1998) (see Fig. 1). 

Partial genomic sequences have been published 
for short forms of rat PDE4B and PDE4D genes 
(Monaco et al, 1994). The human PDE4A gene 
structure, characterised with respect to both short- 
and long-form encoding cDNAs, is complex, span- 
ning 49 kB with at least 17 exons (Houslay et al., 
1998). 

The cellular/tissue distribution of PDE4 subtypes 
A, B, C, D and their splice variants has been investi- 
gated at the mRNA level by reverse transcription 
polymerase chain reaction (RT-PCR) (using subtype 
and splice-variant-specific primers), Northern blot- 
ting and RNAse protection and at the protein level 
by immunoblotting (Houslay et al, 1998). There are 
several instances where mRNA levels do not corre- 
late with protein expression patterns (Houslay et al., 
1998). Each PDE4 gene has a distinct pattern of 
expression in tissues and cells (Engels et al., 1994; 
Houslay et al, 1998). 

4.2. Properties of multiple PDE4 subtypes 

PDE4 exhibits a high-affinity for cyclic AMP 
(K m 0.5-4.0 u,M) but has weak affinity for cyclic 



GMP (K m > 50 |jlM) (Conti and Swinnen, 1990). 
Activity is dependent on critical histidine residues 
(Jin et al., 1992; Jacobitz et al., 1996), which may 
coordinate Zn 2+ at the catalytic core as has been 
proposed for PDE5 (Francis et al., 1994). The cat- 
alytic activity of PDE4 is affected by events occur- 
ring at the N-terminal (e.g. post-translational modifi- 
cation, association with membranes or proteins — 
see below) (Houslay et al., 1998). How this occurs is 
uncertain, but interactions controlled by LR-1 be- 
tween UCR-1 and UCR-2 via LR-1 have been pro- 
posed to induce conformational changes at the cat- 
alytic site via LR-2 (Houslay et al., 1998). Further- 
more, PDE4 can associate with other proteins that 
can impact on the conformation of the catalytic site, 
possibly explaining why the same PDE4 construct in 
different expression systems exhibits different prop- 
erties determined, perhaps, by the intracellular avail- 
ability of protein 'partners' in which the recombinant 
PDE4 is being expressed (Houslay et al, 1998). 
UCR-1 and UCR-2 may be involved in homodimeric 
or heterodimeric interactions, which may also affect 
catalytic activity — evidence for PDE4 existing as 
either monomers or dimers has been reported 
(Houslay et al, 1998). 

The subcellular localization of PDE4 subtypes is 
determined by amino acid sequences at the extreme 
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N-terminal of PDE4 subtypes. RNPDE4A1 is a 
short-form PDE4 splice variant that when expressed 
in COS-1 or COS-7 cells is found to be associated 
with membranes, particularly the Golgi fraction 
(Shakur et al., 1993). Membrane association is de- 
pendent on the N-terminal, tryptophan-rich 23 
residues that contain two independent folding helical 
regions separated by a mobile region (Smith et al., 
1996). It is uncertain how such a structure can insert 
into membranes (no lipid acylation sites are present), 
but APs may be involved (McPhee et al., 1995). 
Human and rat long form splice variants of the 
PDE4A gene, namely RNPDE4A5 and 
HSPDE4A4B, which contain proline-rich domains 
with PxxPxxR motifs in the N-terminal splice region 
( ~ 256 amino acids), have been proposed to associ- 
ate with membranes by binding to APs such as 
cortactin and fodrin which possess SH3 domains 
(O'Connell et al., 1996). Both PDE4 forms also 
interact with SH3 domains of the tyrosine kinases, 
src, fyn and lyn but not those of Grb2 or crk 
(O'Connell et al., 1996). Neither HSPDE4D4A (long 
form), nor the short form, RNPDE4A1, interacts 
with these SH3 motifs (O'Connell et al., 1996). The 
potential physiological role of such interactions is 
uncertain although their importance may be sug- 
gested by the fact that elevation of cyclic AMP 
opposes activation of inflammatory/ immunocompe- 
tent cells in which src family kinases play important 
roles (Chan et al., 1994). PDE4B2, which possesses 
four potential N-terminal myristoylation sites, is 
found in association with the CD3e chain of the 
T-cell receptor (TCR) of peripheral blood T-cells 
and becomes phosphorylated on tyrosine residues 
following CD3 ligation (Baroja et al., 1999). In 
contrast, PDE4B1, which is also found in T-cells but 
not in association with CD3e, does not possess the 
N-terminal myristoylation sites and is not phosphory- 
lated following CD3 ligation, although it, like 
PDE4B2, is tyrosine-phosphorylated when T-cells 
are exposed to pervanadate (Baroja et al., 1999). 
Short forms of PDE4D (HSPDE4D1 and 
HSPDE4D2) are essentially cytosolic, whereas long 
forms (HSPDE4D3, D4 and D5) are found dis- 
tributed in the cytosolic and membrane fractions 
(Houslay et al., 1998). Different PDE4D variants are 
localized in discreet subcellular compartments of 
FRTL-5 thyroid cells and hormones cause the activa- 



tion of these isoforms in a temporally and spatially 
dependent manner (Jin et al., 1998). 

4.3. Regulation of PDE4 

Agents that elevate cyclic AMP accumulation ex- 
ert two types of control on cyclic AMP PDE — 
short- and long-term upregulation. Short-term activa- 
tion of cyclic AMP PDE is one of several mecha- 
nisms to rapidly turn-off the cyclic AMP signal, 
whereas enzyme induction involving de novo protein 
synthesis, which has been observed in inflammatory 
cells (Torphy et al., 1992b, 1995; Verghese et al., 
1995a; Manning et al., 1996), occurs as cells attempt 
to adapt to prolonged elevation of the second mes- 
senger. 

The well-documented induction of cyclic AMP 
PDE occurs after prolonged (2 or more h) exposure 
of cells to cyclic AMP analogues or agents that 
elevate intracellular levels of the second messenger 
and is blocked by inhibitors of mRNA or protein 
synthesis (Torphy et al., 1992b). In monocytic cells, 
multiple subtypes are induced (Verghese et al., 
1995a; Manning et al., 1996), leading to heterolo- 
gous desensitization to prostaglandin (PG) E 2 
(Torphy et al., 1995). Upon removal of the stimulus, 
cyclic AMP PDE activity decays slowly to basal 
levels over several hours (Torphy et al., 1992b). 

In rat Sertoli cells, increases in cyclic AMP upreg- 
ulate 'short form' PDE4D1 and PDE4D2 but not 
PDE4D3 (Conti et al., 1995). Similar observations 
have been made in Jurkat T-cells (Erdogan and 
Houslay, 1997) and such data suggest that short — 
but not long — forms of PDE4D are under the 
control of a cyclic AMP responsive promoter (Vicini 
and Conti, 1997). A cyclic AMP-inducible intronic 
promoter controlling PDE4D1 and PDE4D2 tran- 
scription has been partially characterised (Vicini and 
Conti, 1997). Although these data point to a paradigm 
that short — but not long — PDE4 forms are 
upregulated by cyclic AMP, another study in periph- 
eral blood T-cells (Seybold et al., 1998) refutes this 
since PDE4D3, as well as PDE4D1 and PDE4D2, 
mRNA transcripts are induced by exposure to 8- 
bromo cyclic AMP and stimuli of adenylate cyclase. 
In this study, transcripts of PDE4A4 and PDE3B 
forms were also upregulated in response to these 
stimuli in T-cells (Seybold et al., 1998). Although 
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elevated intracellular cyclic AMP in U937 cells in- 
creases expression of transcripts for PDE4A and 
PDE4B, expression of PDE4D3 appears to be de- 
creased (Torphy et aL, 1995). 

Short-term activation of RNPDE4D3 occurs 
rapidly when cells are exposed to agents that stimu- 
late adenylyl cyclase through PKA-dependent phos- 
phorylation (Alvarez et al., 1995; Sette and Conti, 
1996; Sette et al., 1994a,b). The short-term and 
long-term upregulation of PDE4 may have clinical 
implications, since it has been proposed that the 
increased cyclic AMP hydrolytic activity results in 
tolerance to p-adrenoceptor agonists after prolonged 
usage and may explain why these drugs are not 
anti-inflammatory (Giembycz, 1996). HSPDE4B2B 
is phosphorylated by mitogen-activated protein 
(MAP) kinase but without any apparent effect on 
activity (Lenhard et al., 1996) and potential phospho- 
rylation sites for other protein kinases have also been 
identified on PDE4 subtypes (Houslay et al., 1998). 

Activation of cyclic AMP PDE may be a common 
mechanism to facilitate the pro-inflammatory actions 
of cytokines and proliferative agents by lowering the 
levels of a second messenger known to antagonize 
their actions (e.g. see Koga et al., 1995). Increased 
cyclic AMP PDE activity is observed in mononu- 
clear cells (monocytes and macrophages) in response 
to several pro-inflammatory stimuli, including his- 
tamine (Hanifin et al., 1985), lipopolysaccharide 
(LPS) (Okonogi et al., 1991; Ma et al., 1999) and 
cytokines such as interferon (lFN)-7 and interleukin 
(IL)-4 (Li et al., 1992, 1993). Exposure of human 
monocytes to LPS increases levels of PDE4B and 
anti-inflammatory cytokines, IL-4 and 1L-10, reduce 
its expression, suggesting that this subtype plays an 
important role in regulating the activation state of 
this important inflammatory cell (Ma et al., 1999). 

Activation of cyclic AMP PDE in peripheral blood 
lymphocytes and thymocytes has been observed in 
response to TCR ligation, PMA, concanavalin A 
(con A) and phytohemagglutinin (PHA) (Epstein and 
Hachisu, 1984; Valette et al., 1990; Michie et al., 
1996, 1998). The increased PDE4 activity observed 
in thymocytes following TCR ligation with anti-CD3 
antibody is blocked by staurosporine (non-selective 
kinase inhibitor), gentamycin (a non-selective tyro- 
sine kinase inhibitor) and chelerythrin (a PKC in- 
hibitor) implicating PKC and tyrosine kinases in the 



TCR-mediated induction of PDE4 (Michie et al., 
1998). Induction of PDE4A, PDE4D as well as 
PDE1B1 in human peripheral blood lymphocytes 
occurs in response to the mitogenic stimulus, PHA, 
perhaps secondarily to elevation of cyclic AMP (Jiang 
et al., 1998). PDE4 and PDE3B activities are in- 
creased in human autoreactive CD4 + T-lymphocyte 
clones specific for the immunodominant myelin ba- 
sic protein (MBP) epitope following exposure to 
MBP (Ekholm et al., 1997). 

PDE4 from monocytic cells and thymocytes is 
activated by cellular concentrations of phosphatidic 
acid (PA), which has been described as a T-cell 
mitogen whose levels are often elevated following 
activation of inflammatory cells (DiSanto and 
Heaslip, 1995; DiSanto et al., 1995; Savany et al., 
1996). PA increases the ^ ax of the enzyme without 
affecting its K m (DiSanto et al., 1995). Lysophos- 
phatidic acids and phosphatidylserines also activate 
PDE4, whereas phosphatidylcholines, phosphatidy- 
lethanolamines and diacylglycerol do not (DiSanto et 
al., 1995). Concentrations of rolipram (10-100 nM) 
lower than are required to inhibit PDE4 can shift the 
PA concentration-response curve for PDE4 activa- 
tion (DiSanto and Heaslip, 1995). PA activates 4 long 
forms' of PDE4 (PDE4A5, PDE4B1, PDE4D3) but 
not 'short forms' (PDE4A1, PDE4B2, PDE4B2, 
PDE4D1, PDE4D2) (Elbawab et al., 1997; Nemoz et 
al, 1997). 

4.4. High-affinity rolipram binding site 

Until recently, rolipram was considered to be a 
relatively weak (/C^ 0.5-1 \xM\ competitive in- 
hibitor of PDE4 (Conti and Swinnen, 1990); how- 
ever, the existence of a stereoselective, high-affinity 
(K d ~ 1 nM) binding site for rolipram has been 
appreciated since 1987 (Schneider et al., 1987). Its 
importance is indicated by the close correlation be- 
tween the potency order of diverse cyclic AMP PDE 
inhibitors in displacing [ 3 H] rolipram from brain 
membranes and their central (Schmiechen et al., 
1990) and peripheral (Harris et aL, 1989; Souness 
and Scott, 1993; Barnette et al., 1995a,b, 1996a,b; 
Kelly et al., 1996) actions. Although this binding site 
is known to be associated with several PDE4 sub- 
types (Houslay et al., 1998), the rank potency order 
of compounds in inhibiting human recombinant 
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HSPDE4A catalytic activity and displacing [ 3 H] 
rolipram is markedly distinct (Torphy et al., 1992a). 
For example, the K x of rolipram on catalysis is 
almost 100-fold greater than its A: iapp in the binding 
assay (Torphy et al., 1992a). Furthermore, whereas 
the R-( - )-enantiomer of rolipram is only 3-fold 
more potent than the S-( + )-enantiomer in inhibiting 
cyclic AMP hydrolysis, 20-fold stereoselectivity is 
observed for binding (Torphy et al., 1992a). Al- 
though the nature of the high-affinity rolipram bind- 
ing site has not been proven unambiguously, com- 
pelling evidence points to it as representing a distinct 
conformer of PDE4 with which rolipram interacts 
with high affinity (HA-PDE4) (Christensen et al, 
1996; Jacobitz et al., 1996). Indeed, support for this 
comes from studies on HSPDE4B2, which binds 
rolipram at a single site with two different affinities 
dependent on the conformation of the enzyme 
(Rocque et al., 1997). There is evidence for a differ- 
ent cell/tissue distribution of HA-PDE4 and the 
form with which rolipram interacts with relatively 
low-affinity (> 100 nM; LA-PDE4) (Souness and 
Rao, 1997). High levels of rolipram binding have 
been measured in the brain (Schneider et al., 1987) 
and, although difficult to detect in peripheral tissues, 
its presence has been demonstrated in cell types 
(parietal cells, macrophages) in which functional re- 
sponses to PDE inhibitors are better correlated with 
displacement of [ 3 H] rolipram from HARBS than 
inhibition of PDE4 catalytic activity (Baraette et al., 
1995a,b; Kelly et al., 1996). 

It has been suggested that the potency of rolipram 
against PDE4 is a sensitive monitor of the conforma- 
tion of PDE4 (Houslay et al., 1998). Certainly, the 
IC 50 value of rolipram against particular PDE4 
species varies greatly depending on the cellular envi- 
ronment in which the enzyme is expressed and the 
intracellular compartment to which it is targeted 
(Houslay et al., 1998). Unlike rolipram, the potencies 
of other inhibitors, such as piclamilast (RP 73401), 
against PDE4 expressed in different expression sys- 
tems are much more consistent (Jacobitz et al., 1996; 
Souness and Rao, 1997), suggesting that the two 
inhibitors interact differently with the enzyme. 
Rolipram exhibits simple competitive kinetics of in- 
hibition of particular PDE4 species expressed in 
some expression systems whereas in others, com- 
plex, non-linear kinetics of inhibition is observed 



(Sullivan et al., 1994; Wilson et al., 1994). Expres- 
sion of HSPDE4A4B in COS7 cells results in ex- 
pression of cytosolic and particulate populations 
(Huston et al., 1997). Rolipram displays simple com- 
petitive inhibition against the cytosolic fraction but 
complex kinetics against the particulate fraction 
(Huston et al., 1997). These data strongly support the 
view that at least some PDE4 species can exist in 
different conformational states, which show different 
sensitivities to rolipram inhibition. The factors that 
determine the conformation of PDE4 are not fully 
understood, although it is known that post-transla- 
tional modification (RNPDE4D3) and membrane as- 
sociation (HSPDE4A) (Alvarez et al., 1995; Sette et 
al., 1996; Huston et al., 1997) have marked phar- 
macological effects. 

Phosphorylation of Ser 54 in UCR-1 of 
RNPDE4D3 (long form) dramatically increases cat- 
alytic activity and the potency of rolipram (Alvarez 
et al., 1995; Sette et al., 1996). Whether PKA specif- 
ically activates the rolipram high-affinity component 
or switches a low-affinity form to an activated, 
high-affinity species is uncertain. It should be noted 
that Ser 54 in the RRES 54 motif is a highly conserved 
residue in the UCR-ls of other long form PDE4 
species, which have not been reported to be activated 
by PKA (Houslay et al., 1998). It is possible there- 
fore that a priming event, as a result of protein-pro- 
tein interaction or post-translational modification, 
which increases the potency of rolipram, is required 
for PKA to activate RNPDE4D3. 



5. PDE4 inhibitor structural types 

As shown in Fig. 2, over 450 PDE4 inhibitor 
patents have been published during the past 10 years, 
reflecting the huge interest in the therapeutic poten- 
tial of this class of compounds. Most of the chem- 
istry has been based on rolipram although xanthines 
(e.g. denbufylline, arofylline), nitroquazone and 
quinoline/napthaline (e.g. T-440) analogues have 
been widely evaluated in pre-clinical models 
(Palfreyman and Souness, 1996; Norman, 1998). 
Clinical data, mostly in asthma, have been reported 
on several of these compounds, namely, tibenalast 
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Fig. 2. PDE4 patents 1 990-1999. 



6. Anti-inflammatory effects of PDE4 inhibitors in 
vitro 

PDE4 is widely distributed in cell types impli- 
cated in chronic inflammatory diseases such as 
asthma (Table 3). Its physiological importance is 
demonstrated by the wide-ranging suppression of 
many inflammatory/ immunocompetent cell func- 
tional responses by PDE4 inhibitors (Table 4). 

6J. Granulocytes 

Activation of mast cells and eosinophils is thought 
to play an important role in the pathogenesis of 
allergic disorders such as asthma. The release of 



(LY 186655 —discontinued), piclamilast (RP 73401, 
Rhone-Poulenc Rorer — discontinued), CDP-840 
(Celltech/Merck — discontinued), Ariflo (SB 
207499-SKB phase III), arofylline (LAS-31025, 
Almirall phase III), atizoram (CP-80633, Pfizer phase 
II, atopic dermatitis) in inflammatory diseases (see 
below — for structures, see Fig. 3). Other com- 
pounds, such as D-4418 (Chiroscience/Schering- 
Plough — discontinued), D-22888 (Asta Medica — 
discontinued), filaminast (WAY PDA 641, American 
Home Products — discontinued), YM-58997 
(Yamanouchi phase I?), V- 11 294 (Napp/Purdue 
phase I), CI- 10 18 (Jouveinal/Park-Davis phase I) 
and roflumilast (BY-217, Byk-Gulden phase III) are 
also reported to be (or have been) in the clinic 
(asthma), but no efficacy information has so far been 
divulged (for structures, see Fig. 4) (Norman, 1998; 
Montana et al, 1999; 'R&D Insight' Database, Adis 
International, UK; Pharmaprojects Database, PJP 
Publications, UK). CC-3025, (Celgene) a thalido- 
mide analogue with PDE4 inhibitory activity, is re- 
ported to be in phase I clinical trials for rheumatoid 
arthritis (Norman, 1998). The poor clinical results 
with the majority of PDE4 inhibitors to date are 
possibly due to insufficient compound being admin- 
istered as a consequence of dosing constraints im- 
posed by side-effects (see below). To identify com- 
pounds with improved therapeutic ratios, a wide 
range of novel structures has been synthesised, in- 
cluding benzopyrazoles, benzimidazoles, benzofu- 
rans, diazepino-indoles, quinolines, quinolones and 
purines (Norman, 1998). 
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Fig. 3. Structures of PDE4-selective inhibitors for which clinical 
efficacy data in inflammatory diseases has been reported. The 
structure of rolipram is included for comparison. 
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Fig. 4. Structures of recently divulged PDE4 inhibitors, which are reported to have entered pre-clinical or clinical development. 



mediators such as histamine and leukotrienes (LTs) 
from sensitized mast cells is believed to be a primary 
cause of the acute bronchoconstriction in response to 
antigen exposure (Barnes et al., 1988) and release of 



cytokines such as IL-4 and tumour necrosis factor-al- 
pha (TNF-a) may contribute to the inflammatory 
responses in asthmatic late-phase reactions (LAR) 
(Gordon et al., 1990; Schwart, 1994). The effects of 



Table 3 



Cyclic AMP PDE isoenzyme profiles in human inflammatory/ immunocompetent cells 



Cell type 


PDE isoenzymes) present 


Reference 


Basophils 


3,4 


Peachell et al., 1992 


B-lymphocytes 


3,4, 7° 


Gantneretal., 1998 


Eosinophils 


4 


Dentetal., 1994 


Epithelial cells 


3,4 


Dent et al., 1998 


Macrophage 


3,4 


Tenor etal., 1995a,b 


Mast cells 


3,4 


Weston et al., 1997 


Monocytes 


4(3?) 


Torphy et al., 1992a,b; Souness et al., 1996 


Neutrophils 


4 


Wright et al., 1990 


T-lymphocytes 


3,4,7 


Robicsek et al., 1991; Tenor et al., 1995a,b; Giembycz et al., 1996 



a PDE7-like activity reported. 
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Table 4 

Effects of PDE4 



inhibitors on human inflammatory/immunocompetent cells 



Cell type 



Suppressive effect 



Reference 



Basophils 

B-lymphocytes 

Eosinophils 



Macrophages 
Monocytes 



Neutrophils 



T-lymphocytes 



Mediator release 

IgE production 

Superoxide generation 

Chemotaxis 

Degranulation 

LTC 4 synthesis 

CD1 lb expression 

TNF-a release 

TNF-a release 

LTB 4 , cysteinyl LTs 

1L-10 release (stimulation) 

Superoxide generation 

Chemotaxis 

Mediator release 

CD I lb expression 

Degranulation 

Proliferation CH) 

Th-1 cytokines (IL-2, IFN7) 

Th-2 cytokines (lL-4, IL-5, IL-13) 

GMCSF 



Peachell etal., 1992 

Cooper et al. f 1985; Coqueret et al., 1997 

Giembycz etal., 1996 

Kaneko et at., 1995; Tenor et al., 1996 

Kita et al., 1991; Hatzelmann et al., 1995 

Tenor etal., 1996 

Berends etal., 1997 

Schudtetal., 1995 

Semmler et al., 1993; Souness et al., 1996 
Griswold et al., 1993 
Sudaetat., 1998 
Nielson et al., 1990 
Harvath et al., 1991 

Fonteh et al., 1993; Denis and Riendeau, 1999 
Berends etal., 1997 

Derianetal., 1995; Barnette et al., 1996a,b, 1998 
Essayan et al., 1994; Giembycz et al., 1996 
Essayan et al„ 1995; Giembycz et al., 1996 
Essayan et al., 1997a,b 
Van Wauwe et al., 1995 



PDE4 inhibitors on mast cells varies considerably 
depending on the tissue and species from which the 
cells are isolated. In murine bone-marrow-derived 
mast cells, rolipram inhibits antigen- induced LTC 4 
release (Torphy and Undem, 1991); however, in 
functional studies on rat peritoneal mast cells, the 
PDE5 inhibitor, zaprinast, but not rolipram, sup- 
presses mediator release (Frossard et al., 1981). PDE4 
inhibitors have little effect on immunoglobulin (Ig) 
E-induced mediator release from human lung mast 
cells (Weston and Peachell, 1998; Weston et al., 
1997). Similar lack of efficacy of PDE4 and PDE3 
inhibitors on mediator release has been reported in 
cultured human cord blood-derived mast cells 
(Shichijo et al., 1997). However, in human periph- 
eral blood basophils, rolipram inhibits antigen- and 
anti-IgE-induced mediator (histamine, LTC 4 ) re- 
lease, an effect which is potentiated by SK&F 95654 
and forskolin (Peachell et al., 1992). 

Eosinophilia is a prominent pathological feature 
of allergic diseases and is thought to contribute to 
the airways damage observed in asthma (Kay, 1985; 
Barnes et al., 1988). The cytotoxic potential of the 
eosinophil derives from its ability to generate reac- 
tive oxygen species, peroxidase and cationic proteins 



(Kay, 1985; Barnes et al, 1988). Eosinophil products 
induce epithelial damage and increase airway reac- 
tivity in experimental animals in vivo (Barnes et al., 
1988), fuelling speculation that these cells may con- 
tribute to the hyperresponsiveness observed in asth- 
matics. Several studies demonstrate that the cyto- 
toxic potential of eosinophils is potently reduced by 
PDE4 inhibitors. They suppress the generation of 
reactive oxygen species in both human (Dent et al., 
1991; Ezeamuzie and Alhage, 1998) and guinea-pig 
(Souness et al., 1991; Dent et al., 1991; Barnette et 
al., 1995a,b) eosinophils in response to particulate 
(serum-opsonized zymosan) and several soluble 
stimuli. In addition, LTB 4 -induced release of throm- 
boxane (Souness et al, 1994), major basic protein 
(MBP) and eosinophil cationic protein (ECP) (Kita 
et al., 1991; Souness et al., 1995) as well as comple- 
ment factor — hrC5a — and platelet-activating 
factor (PAF)-stimulated release of LTC 4 and 
eosinophil-derived neurotoxin (EDN) (Hatzelmann et 
al., 1995; Tenor et al., 1996) are potently inhibited 
by PDE4 inhibitors. Flow cytometric analysis with 
monoclonal antibodies shows that rolipram sup- 
presses PAF-induced CD1 lb (ot M subunit of Mac 1) 
expression on and L-selectin shedding from human 
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eosinophils and neutrophils (Berends et al., 1997). 
Rolipram also suppresses eotaxin — but not granu- 
locyte macrophage-colony-stimulating factor (GM- 
CSF)-induced expression of CD lib on human 
eosinophils (Santamaria et al., 1997; Momose et al., 
1998), lending support to the contention that PDE4 
inhibitors can suppress extravasation of eosinophils 
through an effect on rolling adhesion. Further evi- 
dence for actions on adhesion molecules is provided 
by the demonstration that rolipram synergizes with 
PGE 2 in suppressing the CD18 ((3 2 -subunit of Mac- 
l)-dependent aggregation of guinea-pig eosinophils 
in response to PAF and C5a (Teixeira et al., 1996), 
and data from an eosinophilic cell line (EoL-1) 
demonstrate that cyclic AMP downregulates expres- 
sion of very late antigen (VLA) 4 (Jung et al., 1994). 
The eosinophil chemotactic responses to formyl- 
methionyl-leucyl-phenylalanine (fMLP), LTD 4 , PAF, 
eotaxin and other soluble stimuli are potently inhib- 
ited by PDE4 inhibitors (Cohan et al., 1992; Kaneko 
et al., 1995; Alves et al., 1996, 1997; Tenor et al., 
1996; Santamaria et al., 1997). Finally, several stud- 
ies suggest that PDE4 inhibitors inhibit IL-5-induced 
survival of human eosinophils (Kubota, 1996; Ohta 
et al., 1996; Momose et ah, 1998). 

Neutrophils are important in host defense, accu- 
mulating rapidly at sites of injury or infection. The 
aberrant release of proteases and reactive oxygen 
species can lead to extensive tissue damage (Badwey 
and Karnovsky, 1980). Neutrophils play important 
roles in acute and chronic inflammatory diseases, 
although their functions in allergic conditions are 
unclear. PDE4 inhibitors suppress several neutrophil 
responses, including degranulation (Derian et al., 
1995; Barnette et al., 1996a,b, 1997), superoxide 
anion generation (Nielson et al., 1990; Barnette et 
al., 1998), release of IL-8 (Au et al., 1998), phago- 
cytosis (Bessler et al., 1986; Au et al., 1998), adhe- 
sion (Derian et al., 1995), adhesion molecule 
(CD1 lb/CD18/L-selectin) expression (Derian et al., 
1995; Berends et al., 1997), chemotaxis (Harvath et 
al., 1991), survival (Aoshiba et al., 1995) and media- 
tor production (Fonteh et al., 1993; Denis and Rien- 
deau, 1999). Rolipram also synergizes with adeno- 
sine in blocking fMLP-induced oxidative activity in 
TNF-a-primed neutrophils and inhibits the adher- 
ence to a fibrinogen-coated surface and the oxidative 
burst elicited by TNF-a (Sullivan et al., 1995). 



Suppression of neutrophil function appears to be 
linked to inhibition of phospholipases A and D 
(Nakashima et al., 1995) as well as enhanced rese- 
questration of cytosolic Ca 2+ into intracellular stores 
(Anderson et al., 1998). 

6.2. Mononuclear phagocytes 

Tissue macrophages (several types) and their 
circulating precursors, blood monocytes, play three 
distinct but interrelated functions (Adams and 
Hamilton, 1984). They recognize and remove in- 
flammatory stimuli, act as antigen-presenting cells, 
and release several pro-inflammatory factors, 
includinghydrolytic enzymes, growth factors, lipid 
mediators, reactive oxygen species and cytokines. 
The capacity of mononuclear phagocytes to remove 
inflammatory stimuli determines whether an inflam- 
matory response progresses to overt expression of 
disease (Adams and Hamilton, 1984). Inappropriate 
activation of mononuclear phagocytes is thought to 
play a role in several chronic inflammatory diseases, 
notably rheumatoid arthritis (RA), where joint-invad- 
ing monocytes release pro-inflammatory, tissue-de- 
structive cytokines, and COPD, where macrophage- 
derived elastolytic enzymes contribute to destruction 
of the lung parenchyma (see below). Suppression by 
PDE4 inhibitors of arachidonic acid breakdown 
(Godfrey et al., 1987; Schad and Schudt, 1993), 
phagocytosis (Bessler et al., 1986) and production of 
reactive oxygen species (Lim et al., 1983; Bessler et 
al., 1986; Turner et al., 1993; Takei et al., 1998) has 
been reported. In contrast to the relatively weak 
inhibition of these functions, the generation of TNF-a 
by both monocytes (Molnar-Kimber et al., 1993; 
Semmler et al., 1993; Probhakar et al., 1994; Seldon 
et al., 1995; Verghese et al., 1995b; Greten et al., 
1996; Souness et al., 1996; Barnette et al, 1998; 
Kleinman et al., 1998; Suda et al., 1998) and 
macrophages (Schad and Schudt, 1993; Schudt et al., 
1995) is exquisitely sensitive to the inhibitory effects 
of PDE4 inhibitors. PDE3 inhibitors exert little effect 
on LPS-induced TNF-a generation in monocytes in 
which PDE4 is the predominant cyclic AMP hydro- 
lyzing isoenzyme (Molnar-Kimber et al., 1993). 
However, differentiation of human monocytes to 
macrophages alters the PDE profile with an augmen- 
tation of PDE3 (and PDEl) activities and a decline 
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in PDE4 (Gantner et a!., 1997c). Furthermore, in 
macrophages derived from the peripheral blood 
monocytes, a combination of both PDE3 and PDE4 
inhibitors is required to maximally (40-50%) sup- 
press the TNF-a response (Gantner et al., 1997a). 

The mechanism by which PDE4 inhibitors sup- 
press TNF-a release is uncertain although an effect 
on mRNA expression occurs (Probhakar et al., 1994; 
Souness et al., 1996). Inhibitory effects of PDE4 
inhibitors on TNF-a production at the transcriptional 
and post-transcriptional levels have been suggested 
(Probhakar et al., 1994). The anti-inflammatory cy- 
tokine, IL-10, whose release from monocytic phago- 
cytes is stimulated by PDE4 inhibitors, has been 
causally linked to the suppression of TNF-a genera- 
tion, possibly through inhibition of NFkB transcrip- 
tional activation (Wang et al., 1995; Ollivier et al., 
1996; Suda et al., 1998) although this has been 
called into question (Seldon et al., 1998). In murine 
peritoneal macrophages, the inhibition of LPS-in- 
duced IL-6 release by rolipram and Ro 20-1724 is 
completely abrogated by an anti-IL-10 neutralizing 
antibody (Kambayashi et al., 1995). In comparison 
with their effects on TNF-a, PDE4 inhibitors exert 
little or no effect on the release of II- 1(3 and some 
reports indicate little effect on IL-6 (Molnar-Kimber 
et al., 1993; Probhakar et al., 1994). However, stud- 
ies in murine macrophages show that rolipram po- 
tently inhibits LPS-induced release of IL-12, a cy- 
tokine which switches T-cells towards a T-helper 
(Th)-l developmental pathway and suppresses Th-2 
responses (Liang et al., 1998). 

5.3. T-lymphocytes and B-lymphocytes 

T-cells release several cytokines which are, at 
least in part, responsible for coordinating the cellular 
responses in inflammatory disorders such as asthma 
and arthritis (Bochner et al., 1994). Studies in mice 
(Mosmann et al., 1986) and humans (Romagnani, 
1991) have suggested that CD-4 positive Th lympho- 
cytes can be functionally categorized into two groups 
based on the cytokines they elaborate: the Th-1 
subtype is defined by its restricted cytokine produc- 
tion of IL-2, IFN--V and TNF-p. These cells mediate 
delayed-type hypersensitivity reactions, are the major 
isolates from non-atopic donors, and are implicated 
in autoimmune diseases (Cher and Mosmann, 1987). 



The Th-2 subtype releases IL-4, IL-5, and IL-10 and 
constitutes the major isolates from atopic donors. In 
cognate and non-cognate interactions with B- 
lymphocytes, Th-2 cells support IgE synthesis (Del 
Prete et al., 1988; Parronchi et al., 1990). 

PDE4 inhibitors inhibit anti-CD3 plus anti-CD28- 
and Staphylococcal enterotoxin A-stimulated prolif- 
eration of T-cells from Balb/c mouse spleens 
(Wancio et al., 1995; Souness et al., 1997) and also 
suppress PHA- and anti-CD3 stimulated proliferation 
of human peripheral blood T-lymphocytes (Robicsek 
et al., 1991; Giembycz et al., 1996). In purified 
human CD4 + /CD8 + T-cells, incomplete inhibition 
of proliferation is observed with rolipram alone; 
however, a much greater suppression of [ H] thymi- 
dine incorporation occurs in combination with the 
PDE3 inhibitor, CI-930 (Robicsek et al., 1991). 
Rolipram and cilostamide (PDE3 inhibitor) suppress 
the proliferative responses and cytokine release in 
MBP- or other myelin protein-autoreactive CD4 + 
T-cells (Sommer et al., 1995; Ekholm et al., 1997). 
Since it is believed that many autoimmune diseases 
are, at least partially, mediated by autoreactive CD4 + 
T-cells, these observations may have important im- 
plications, not only for the treatment of MS but also 
for other autoimmune disorders. Although combina- 
tions of PDE4 and PDE3 inhibitors appear to be 
sufficient to totally suppress anti-CD3 plus anti- 
CD28-induced proliferation and cytokine release, a 
recent study employing anti-sense oligonucleotides 
implicates PDE7 in T-cell activation induced by the 
same stimuli (Li et al., 1999). 

A number of studies have demonstrated that cyclic 
AMP PDE inhibitors suppress the release from T- 
cells of IL-2, a major T-cell mitogen and activator of 
the immune system (Averill et al., 1988; Lewis et al., 
1993; Giembycz et al., 1996; Souness et ai., 1997). It 
is unlikely that this is the predominant mechanism 
by which PDE4 inhibitors exert their effects on [ 3 H] 
thymidine incorporation into T-lymphocytes since 
potency differences between PDE4 suppression of 
IL-2 and proliferation have been documented (Lewis 
et al., 1993; Giembycz et al., 1996). Furthermore, 
when a combination of phorbol myristate acetate 
(PMA) and ionomycin is used as comitogens, 
rolipram inhibits IL-2 generation but not prolifera- 
tion (Giembycz et al., 1996). Elevation of cyclic 
AMP appears to have multiple inhibitory effects on 



J.E. Souness et al. / Immunopharmacology 47 (2000) 127-162 



T-cell proliferation by blocking phospholipase C7I- 
induced phosphatidyl inositol (4,5) bisphosphate hy- 
drolysis and inositol phosphate accumulation (Park 
et al., 1992; Tamir and Isakov, 1994), Ca 2+ mobi- 
lization (Van Tits et al., 1991), phosphorylation of 
the TCR (Patel et al., 1987), IL-2 receptor expres- 
sion (Krause and Deutsch, 1991) and IL-2 transcrip- 
tion possibly through effects on transcription factors 
such as NFAT, NFkB and AP-1 (Chen and Rothen- 
berg, 1994; Tamir and Isakov, 1994; Hsueh and Lai, 
1995; Tsurata et al., 1995). 

PDE4 inhibitors suppress both Th-1 and Th-2 
responses. The majority of early studies suggested 
that agents that elevate cyclic AMP, including PDE 
inhibitors, are more effective suppressors of Th-1 
cytokines (IL-2, IFN-7) than Th-2 elaborated cy- 
tokines (IL-4, IL-5) (Munoz et al., 1990; Novak and 
Rothenberg, 1990; Betz and Fox, 1991; Van der 
Poow-Kraan et al., 1992; Lee et al., 1993). Indeed, 
rolipram synergizes with the PDE3 inhibitor motapi- 
zone to increase IL-5 production from anti-CD3- 
treated D10.G4.1 (D10) Th-2 cells while the release 
of IL-4 is minimally affected (Schmidt et al., 1995). 
However, rolipram is more effective in blocking the 
proliferation of peripheral blood mononuclear cells 
(PBMCs) elicited by ragweed (Th-2) antigen than 
tetanus toxoid (Th-1) antigen (Essayan et al., 1994, 
1995) and RT-PCR shows attenuation of IL-5 and 
interferon-7 (IFN-7), but not IL-4, gene expression 
following allergen provocation (Essayan et al., 1995). 
Proliferative responses in human Th-2 antigen- 
specific T-cell clones are also more sensitive to the 
inhibitory effects of rolipram than Th-1 antigen- 
specific clones and this is mirrored in the suppres- 
sion of expression of IL-4, IL-5 and IFN-7 (mRNA 
and protein) in the respective clones (Essayan et al, 
1997a). In peripheral blood lymphocytes stimulated 
with PHA, rolipram and nitraquazone are 3-6-fold 
more potent in reducing production of IL-5 than 
IL-2, GM-CSF and IFN-7 (Van Wauwe et al., 1995). 
Filaminast suppresses the generation of IL-4 induced 
by anti-CD3 from a T-cell line derived from atopic 
donors (Crocker et al, 1994) and T-440 inhibits the 
release of IL-5, IL-4 and IL-2 from PBMCs 
(Kaminuma et al., 1996b,c). Expression and produc- 
tion of IL-13 in a T-cell clone from a ragweed (Th-2 
antigen) allergic, asthmatic patient are also inhibited 
by rolipram with effects being demonstrated at the 
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mRNA and protein levels (Essayan et al., 1997b). 
Suppression of IL-4 release with PDE4 inhibitors has 
also been observed in vivo (Griswold et al., 1998). 

Less is known about the effects of PDE4 in- 
hibitors on the B-cell responses. Early studies (Co- 
oper et al., 1985) demonstrated that Ro 20-1724 
inhibits the spontaneous IgE generation by PBMCs 
from individuals with atopic dermatitis; however, 
this effect is probably indirect via monocytes (Co- 
oper et al., 1985). A more recent publication 
(Coqueret et al., 1997) supported this conclusion in 
demonstrating that the PDE4 inhibitors, rolipram and 
Ro 20-1724, inhibit IL-4-induced IgE production by 
PBMCs but not by purified lymphocytes. Interest- 
ingly, studies on CD19 + B-lymphocytes purified 
from human peripheral blood demonstrate that LPS 
plus IL-4 induced proliferation is enhanced by 
rolipram and analogues of cyclic AMP (Gantner et 
al., 1998). 

6.4. Endothelial and epithelial cells 

Endothelial cells act as a tight barrier to prevent 
inflammatory cell and plasma protein infiltration from 
the microvasculature into tissues; however, inflam- 
matory stimuli increase permeability and adhesivity 
of endothelial cells, allowing inflammatory/im- 
munocompetent cells and plasma proteins to pene- 
trate into sites of inflammation. Rolipram reduces 
hyperpermeability of endothelial monolayers (Sut- 
torp et al., 1993, 1996a,b,c), an effect that may 
explain the inhibition by PDE4 inhibitors of pul- 
monary capillary ischemia-reperfusion edema 
(Rarnard et al., 1994), PAF-induced microvascular 
permeability in an isolated rat lung model (Noel et 
al., 1995), and of microvascular leakage in guinea-pig 
airways (Ortiz et al., 1992; Raebura and Karlsson, 
1993). PDE2 and PDE3, as well as PDE4, may play 
a role in regulating endothelial permeability (Suttorp 
et al., 1993, 1996a,b,c). Studies in individual, intact 
capillaries from post-capillary venules in the mesen- 
tery of pithed frogs suggest that PDE4 inhibitors 
affect microvascular permeability by regulating the 
number of tight junction strands between endothelial 
cells (Adamson et al., 1998). 

PDE4 inhibitors reduce the expression of adhe- 
sion molecules on the surface of endothelial cells, 
possibly by inhibiting NFKB-mediated transcription 
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(Ollivier et al., 1996). For example, rolipram, in 
combination with forskolin or cholera toxin, inhibits 
TNF-a-, PMA- and LPS-induced expression of E- 
selectin (Pober et al., 1993; Morandini et al., 1996). 
Intercellular adhesion molecule (ICAM)-l expres- 
sion does not appear to be affected by cyclic AMP 
and effects on vascular cell adhesion molecule 
(VCAM)-l expression are variable (Pober et al., 
1993; Morandini et al., 1996; Ollivier et al., 1996). 
In human lung microvascular endothelial cells, 
rolipram alone exerts little effect on TNF-a-induced 
adhesion molecule expression but, in combination 
with ORG 9935 (PDE3 inhibitor), suppresses expres- 
sion of E-selectin and VCAM-1 but not ICAM-1 
(Blease et al., 1998). One possible consequence of 
the downregulation of adhesion molecules by PDE4 
inhibitors is the inhibition of transendothelial migra- 
tion of lymphocytes, but not monocytes (Lidington et 
al., 1996). 

As well as acting to protect tissues from the 
external environment and transporting electrolytes, 
epithelial cells act as a source of pro-inflammatory 
proteins, particularly in the airways. In addition to 
releasing mediators and chemotactic chemokines such 
as IL-8, epithelial cells appear to be capable of 
elaborating GM-CSF and IL-5, which promote the 
production, survival and activation of eosinophils. 
Studies performed to date show unimpressive effects 
of PDE4 inhibitors on epithelial cytokine release. In 
A549 and in primary human epithelial cells, rolipram 
at high concentrations (50 jxM) only partially sup- 
presses the IL-ip-induced release of GM-CSF, 
whereas the PDE3-selective inhibitor, ORG 9935, 
and the non-selective IBMX almost completely ab- 
late the response (Wright et al, 1998). In other 
studies with selective PDE4 inhibitors, increased or 
decreased secretory responses have been observed 
(Dent et al., 1998; Fuhrmann et al., 1999). Interest- 
ingly, there is evidence that agents elevating cyclic 
AMP, including PDE4 inhibitors, have cytoprotec- 
tive effects in epithelial cells (Ozawa et al., 1995; 
Dowling et al., 1997). For example, rolipram pro- 
tects human nasal epithelial cells infected with Pseu- 
domonas aeruginosa (Dowling et al., 1997). It is 
noteworthy that in guinea-pigs, rolipram, T-440 and 
theophylline have been reported to protect against 
the epithelial damage caused by ozone exposure 
(Matsubara et al., 1997). 



6.5. Inhibition of excitatory non-cholinergic neuro- 
transmission 

Stimulation of bronchial C-fibres induces bron- 
choconstriction and inflammation, by means of a 
central reflex pathway and local release of the sen- 
sory neuropeptides, including substance P and neu- 
rokinin A (Qian et al., 1994). Studies on responses in 
guinea-pig bronchi to electrical field stimulation in 
vitro demonstrate that rolipram and Ro 20-1724, but 
not siguazodan, dramatically inhibit non-cholinergic 
contractions, suggesting a reduction in the release of 
pro-inflammatory peptides from C-fibre endings 
(Qian et al., 1994; Undem et al., 1994). Since these 
neuropeptides increase microvascular permeability, 
mediator release, inflammatory cell recruitment and 
mucus secretion as well as contracting bronchial 
smooth muscle, this property of PDE4 inhibitors may 
have important implications for their in vivo activi- 
ties. Indeed, evidence for this is provided by the 
inhibition of vagally mediated non-cholinergic bron- 
choconstriction in guinea-pigs by CDP-840, a selec- 
tive PDE4 inhibitor which is a poor bronchodilator 
in vivo (Holbrook et al., 1996). 

6.6. Other cell types 

PDE4 inhibitors inhibit the release of pro-in- 
flammatory cytokines from cells implicated in sev- 
eral CNS inflammatory pathologies. For example, in 
LPS-stimulated murine microglia, PDE4 inhibitors 
suppress the release of TNF-a, IL-ip and IL-6 but 
increase production of the anti- inflammatory IL-10 
(Yoshikawa et al., 1999). Rolipram potentiates the 
suppressive effect of forskolin on IL-10- and TNF- 
a-induced ICAM-1 and VCAM-1 expression in as- 
trocytes (Ballestas and Benveniste, 1997). The effect 
of rolipram on TNF-a-induced VCAM-1 expression 
is, at least in part, due to enhanced degradation of 
mRNA although this does not appear to be the 
mechanism by which elevated cyclic AMP downreg- 
ulates TNF-a-induced ICAM-1 or IL-lp-induced 
VCAM-1 or ICAM-1 expression (Ballestas and Ben- 
veniste, 1997). It is noteworthy that IFN-7 and LPS 
reduce cyclic AMP levels in microglial cells and 
IFN-7 (but not LPS) suppresses the second messen- 
ger in astrocytes, suggesting that this may be one 
mechanism involved in the pro- inflammatory effects 
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of these agents (Patrizio et al., 1995). Rolipram 
reverses these effects of LPS and IFN-7, indicating 
that activation of PDE4 is responsible for the de- 
crease in cyclic AMP (Patrizio et al., 1995). Inhibi- 
tion of superoxide generation and proliferation of 
mesangial cells by PDE4 and PDE3 inhibitors have 
led to the suggestion that they may be of value in 
treating glomerulonephritis (Chini et al., 1997). 



7. Potential of PDE4 inhibitors in chronic ob- 
structive pulmonary disease (COPD) 

While most pharmaceutical companies in the 
PDE4 field have targeted asthma, recent clinical 
results with the SmithKline-Beecham compound, Ar- 
iflo, suggest considerable potential for PDE4 in- 
hibitors in the treatment of COPD. This section 
presents the preclinical data suggesting potential of 
PDE4 inhibitors in airways inflammatory diseases 
and clinical data in asthmatic and COPD patients. 
Although the potential utility of PDE4 inhibitors in 
treating these airway disorders is due to their direct 
relaxant actions on airway smooth muscle as well as 
anti-inflammatory effects (Souness and Giembycz, 
1994), this topic is beyond the scope of the current 
review. Bronchoconstriction will only be mentioned 
in the context of antigen responses whose suppres- 
sion by PDE4 inhibitors is likely to be due to 
inhibition of mediator release. 

The asthmatic airway is characterized by a mu- 
cosal inflammation, which appears to correlate with 
the severity of the disease and has been causally 
linked to the major symptoms of variable airflow 
obstruction and airway hyperresponsiveness (Barnes 
et al., 1988). Increased numbers of mast cells, 
eosinophils and lymphocytes are a major pathologi- 
cal feature of asthma (Barnes et al., 1988). The 
generation of mediators and cytokines from these 
cells initiates and fuels the airway inflammation, 
while the release of cytotoxic proteins, particularly 
from eosinophils, induces epithelial damage and may 
contribute to pulmonary hyperreactivity (Barnes et 
al., 1988). In allergic asthma, these processes are 
driven by immunoglubulin (Ig) E following pul- 
monary exposure to one or more allergens (Barnes et 
al., 1988). Exudation of plasma (containing media- 
tors, chemoattractant agents and pro- inflammatory 



proteins) into the airway lumen also occurs through a 
process known as microvascular leakage (Persson, 
1988). This is thought to enhance airway inflamma- 
tion and bronchial constriction, leading to sloughing 
of the epithelium, impairment of mucociliary trans- 
port, narrowing of small airways, and mucus plug 
formation (Persson, 1988). 

COPD is a common, although poorly understood, 
disorder encompassing bronchitis, emphysema and 
chronic severe asthma. It is characterized by irre- 
versible airflow obstruction, increases in airway in- 
flammatory cell numbers (predominantly alveolar 
macrophages and neutrophils), and elastolytic de- 
struction of the lung parenchyma leading to loss of 
elasticity and excess mucous cell hyperplasia (Barnes, 
1998). It has recently become a major focus for drug 
discovery within the pharmaceutical industry. The 
disease is predominantly, although not exclusively, 
linked to cigarette smoking (Barnes, 1998). 

PDE4 inhibitors show efficacy in several preclini- 
cal models of airway inflammation, which suggest 
that they have potential in the treatment not only of 
asthma but also COPD (Table 5). 

7.7. Inflammatory cell accumulation 

Antigen exposure of sensitized animals leads to 
the accumulation of eosinophils and, in some cases, 
neutrophils in the lungs (Sanjar et al., 1990; Under- 
wood et al., 1993; Raeburn et al., 1994; Turner et al., 
1994; Kaminuma et al., 1997a,b). Selective PDE4 
inhibitors or mixed PDE3/4 inhibitors administered 
by a variety of routes (per orem (p.o.), intraperi- 
toneal (i.p.), subcutaneous (s.c.)) reduce antigen-in- 
duced eosinophilia in the BAL fluid and lung tissue 
of guinea-pigs, Brown Norway rats and monkeys 
(Turner et al., 1994, 1996; Howell et al., 1995; 
Gozzard et al., 1996; Hughes et al., 1996; Ortiz et 
al., 1996; Kaminuma et al., 1997a; Underwood et al., 
1998). This is also seen following administration of 
micronized, dry powder formulations of rolipram or 
piclamilast directly into the airways of guinea-pigs 
(Raeburn et al., 1994). A variety of mediators, cy- 
tokines and chemokines, and chemoattractants for 
eosinophils are produced (Bochner et al., 1994), and 
several studies demonstrate that PDE4 and PDE3/4 
inhibitors attenuate the eosinophilia induced in 
guinea-pig lungs by PAF, IL-5, IL-3, GM-CSF, LTD 4 
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Table 5 

Actions of PDE4 inhibitors in pre-clinica! inflammation models 



MVL — microvascular leakage. 


Disease 


Model 


Species 


Reference 


Airways inflammation 


Antigen-induced eosinophilia 


Guinea-pig 


Underwood et al., 1993; Raeburn et al., 1994 




Monkey 


Turner et al., 1994 






Rabbit 


Gozzardetal., 1996 






Rat 


Howell etal., 1995 




Mediator-induced eosinophilia 


Guinea-pig 


Lagente et al., 1994 




Cytokine-induced eosinophilia 


Guinea-pig 


Lagenteet al., 1995 




Antigen-induced neutrophilia 


Mouse 


Kaminuma et al., 1997b 




LPS-induced neutrophilia 


Mouse 


De Moraesetal., 1998 






Rat 


Escofier et al., 1999 




Antigen-induced hyperreactivity 


Guinea-pig 


Danahayand Broadley, 1997, 1998 






Monkey 


Turner etal., 1994 




Ozone-induced hyperreactivity 


Guinea-pig 


Matsubara et al., 1997 




PAF-induced hyperreactivity 


Guinea-pig 


Raeburn et al., 1994 




LPS-induced hyperreactivity 


Guinea-pig 


Uno etal., 1998 




Mediator- induced MVL 


Guinea-pig 


Ortiz et al., 1993; Raeburn et al., 1994 




LPS-induced MVL 


Guinea-pig 


Howell and Jenkins, 1994 






Mouse 


Miotlaetal., 1998 




lL-2-induced MVL 


Rat 


Rabinovici etal., 1996 




Antigen-induced bronchospasm 


Guinea-pig 


Underwood et al., 1993; Raeburn et al., 1994; 








Danahay and Broadley, 1998 






Monkey 


Turner etal., 1994 






Rabbit 


Gozzardetal., 1996 






Rat 


Raeburn et al., 1994 


Arthritis 


Adjuvant-induced arthritis 


Rat 


Sekut et al., 1995 




Type II collagen-induced arthritis 


Mouse 


Nyman et al., 1997; Ross et al., 1997 




Streptococcal cell wall-induced arthritis 


Rat 


Souness and Foster, 1 998 


Multiple sclerosis 


EAE 


Monkey 


Genainet al., 1995 




Mouse 


Sommeretal., 1997 






Rat 


Sommeretal., 1995 


Skin inflammation 


Antigen-induced skin eosinophilia 


Guinea-pig 


Cooper et al., 1999 




Antigen-induced edema 


Guinea-pig 


Newbold et al., 1999 




Passive cutaneous anaphylaxis 


Guinea-pig 


Davies and Evans, 1973 


Others 


T-cell mitogen-induced liver failure 


Mouse 


Gantneret al., 1997a,b,c 




LPS-induced endotoxic shock 


Mouse 


Sekut etal., 1995 




Autoimmune insulitis and diabetes 


NOD mouse 


Liang etal., 1998 



and TNF-ot (Sanjar et al., 1990; Kips et al., 1993a; 
Lagente et al., 1994, 1995; Hughes et al., 1996). 
Furthermore, PDE4 inhibitors suppress endotoxin-in- 
duced inflammatory cell accumulation and edema in 
the lungs of guinea-pigs, an effect which may be 
mediated by suppression of TNF-ot release into the 
BAL fluid (Kips et al, 1993a,b; De Moraes et al., 
1998; Escofier et al., 1999). Inflammatory cell accu- 
mulation and acute lung injury (assessed by ex- 
travascular albumin accumulation) in mice exposed 
to a combination of LPS and zymosan are also 
reduced by rolipram although the effect appears to 



be independent of TNF-a (Miotla et al., 1998; Un- 
derwood et al., 1998; Gordon et al., 1999). 

7.2. Bronchial hyperreactivity (BHR) 

Selective PDE4 inhibitors as well as mixed 
PDE3/4 inhibitors suppress BHR to bronchocon- 
strictor agents induced by antigen and other stimuli 
in animal models (Santing et al., 1994; Danahay and 
Broadley, 1997). In conscious, unrestrained guinea 
pigs, i.p. administration of rolipram, or of ORG 
20241 (PDE3/4 inhibitor) and theophylline, attenu- 
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ates hyperreactivity after both the early and late 
reactions (Santing et al., 1994); however, in another 
study (Sanjar et al., 1990), the mixed PDE3/4 in- 
hibitor, benafentrine, and theophylline were ineffec- 
tive in reducing PAF-induced BHR, although 
eosinophilia was substantially attenuated. Rolipram, 
administered by s.c. injection, although ineffective in 
blocking antigen-induced bronchospasm, signifi- 
cantly reduces BHR and eosinophilia in cynomolgus 
monkeys following repeat antigen challenge (Turner 
et al., 1994). Piclamilast, administered via the i.v. 
route to anaesthetized guinea-pigs, inhibits PAF-in- 
duced BHR to bombesin (Raeburn et al., 1994), and 
CDP-840 (i.p.) is as effective as budesonide in abol- 
ishing the antigen-induced increase in responsiveness 
to inhaled histamine in neonatally immunised rabbits 
(Hughes et al., 1996). CDP-840 and rolipram also 
inhibit ozone-elicited airway hyperresponsiveness to 
spasmogens in guinea-pigs (Holbrook et al., 1996; 
Matsubara et al., 1997). LPS-induced BHR in rats, in 
which TNF-a has been causally implicated, is inhib- 
ited by zardaverine, a mixed PDE3/4 inhibitor 
(Pauwels et al., 1990; Kips et al., 1992, 1993a,b). 
PDE4 inhibitors also suppress LPS-induced hyperre- 
activity in guinea-pigs (Uno et al., 1998). 

7.3. Inhibition of antigen-induced bronchoconstric- 
tion 

Suppression of antigen-induced bronchospasm by 
PDE4 inhibitors has been demonstrated in a variety 
of species (Underwood et al., 1993, 1997; Howell et 
al., 1993, 1995; Gozzard et al., 1996; Holbrook et 
al., 1996; Hughes et al., 1996; Kaminuma et al., 
1996a; Jones et al., 1998; Montana et al., 1999). This 
effect of PDE4 inhibitors appears to be predomi- 
nantly through an action on mediator release. For 
example, rolipram, administered i.v. to sensitized 
guinea-pigs, inhibits antigen — but not LTD 4 — or 
histamine-induced bronchoconstiction, suggesting 
that it exerts its inhibitory influence at the level of 
mast cells and, perhaps, basophils rather than by 
relaxing bronchial smooth muscle (Underwood et al., 
1993). Ariflo is also more effective in suppressing 
bronchospasm induced by antigen than that elicited 
by mediators, again suggesting that it exerts its effect 
predominantly via mast cells (Underwood et al., 
1998). Similarly, suppression of antigen-induced 
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bronchospasm in squirrel monkey by CDP-840 also 
appears to be through an action on mediator release 
(Jones et al., 1998). Although anti-inflammatory ac- 
tivity and suppression of antigen-evoked responses 
are routinely observed with rolipram administered 
via the oral route, suppression of the bronchocon- 
striction elicited by several contractile agonists in 
guinea-pigs is not always observed (Underwood et 
al., 1993; Turner et al., 1994; Holbrook et al., 1996). 
Indeed, in cynomolgus monkeys, even antigen-in- 
duced bronchoconstriction is not inhibited by s.c. 
delivery of rolipram, although hyperreactivity and 
eosinophilia are suppressed (Turner et al., 1994). It 
should be noted that, in contrast to the variable 
effects observed when administered orally, rolipram 
and other PDE4 inhibitors suppress the bron- 
chospasm evoked by a number of contractile ago- 
nists when administered to guinea-pigs as aerosols or 
dry powders directly into the airways (Raeburn et al., 
1994). Interestingly, PDE4 inhibitors are particularly 
effective in blocking bronchospasm induced by LTD 4 
(Raeburn et al., 1994; Underwood et al, 1998). 

7.4. Microvascular leakage 

The endothelium of post-capillary venules nor- 
mally constitutes a tight barrier to blood cells and 
plasma proteins; however, during inflammatory 
episodes, endothelial cells contract in response to the 
release of mediators such as tachykinins, PAF and 
histamine following antigen challenge (Persson, 
1988), leaving gaps through which cells and high 
molecular weight molecules can escape into the sur- 
rounding tissues. The increased microvascular per- 
meability allows plasma proteins, including comple- 
ment and blood clotting factors with pro-inflamma- 
tory potential, to escape and the accompanying fluid 
exudation causes edema (Persson, 1988). 

Rolipram inhibits allergen-induced microvascular 
leakage into the lungs of sensitized guinea-pigs 
(Raeburn et al, 1991). Furthermore, rolipram admin- 
istered via the oral, intratracheal or intravenous 
routes, markedly attenuates microvascular leakage 
into the small and large airways tissue as well as into 
the BAL fluid (Ortiz et al., 1992, 1996; Raeburn and 
Karlsson, 1993). In addition to the antigen- induced 
response, PDE4 inhibitors suppress leakage induced 
by several other stimuli, including histamine (Ortiz 
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et al., 1993; Raeburn et al., 1994), PAF (Ortiz et al., 
1993; Raeburn and Karlsson, 1993), LPS (Howell et 
al., 1995) and LPS plus zymosan (Miotla et al., 
1998). Rolipram, when administered i.p., inhibits 
IL-2-induced lung injury (assessed by protein accu- 
mulation in BAL fluid) in rats, an effect that appears 
to be mediated through inhibition of locally gener- 
ated TNF-a and the subsequent reduction in the 
expression of TNF-a-stimulated cytokines (IL-lp, 
IL-6, cytokine-induced neutrophil chemoattractant) 
and adhesion molecules (E-selectin) (Rabinovici et 
al., 1996). Since IL-2- and LPS-induced microvascu- 
lar lung injury are used as an experimental model for 
adult respiratory distress syndrome (ARDS), PDE4 
inhibitors might be useful in the treatment of this 
pulmonary disease (Feuerstein et al., 1995). 

7.5. Clinical results in asthma patients 

Clinical efficacy of selective PDE4 inhibitors in 
asthma generally has been disappointing (see Table 



6). An early single dose study with tibenalast (LY 
186655, 150 mg, p.o.), a weak inhibitor, demon- 
strated a slight improvement in FEV, (Israel et al., 
1988) and a study in asthmatic subjects with ibudi- 
last, a compound which exhibits moderate PDE4 
inhibitory activity (Souness et al., 1994), demon- 
strates suppression of BHR (Kawasaki et al., 1992). 
In allergen-challenged asthmatics, orally adminis- 
tered CDP-840 (15 mg b.i.d. for 10 days) signifi- 
cantly inhibited the late asthmatic response (Harbin- 
son et al., 1997), but in other studies (histamine 
hyperreactivity and single dose exposure to asth- 
matic patients), was inactive (Harbinson et al., 1997). 
The inference drawn from these studies was that 
CDP-840 provided no immediate relief of symptoms 
and the compound was discontinued. Disappointing 
results have also been observed in a recent clinical 
study with inhaled piclamilast, which failed to mod- 
ify FEV, following single dose administration (200 
or 800 |xg — RPR data on file) to moderate asth- 



Tabte 6 

Reported clinical experience with PDE4-selective and dual PDE3/4 inhibitors in inflammatory diseases 
Compounds administered orally except where indicated. FEV, — forced expiratory volume in 1 min; CRP - 
late asthmatic response to antigen. Structures of PDE4 inhibitors are shown in Fig. 3 and dual PDE3/4 inn 



- C-reactive protein; LAR - 
bitors in Fig. 5. 



Compound 


Disease 


Dose 


Effect observed 


Reference 


Tibenalast 


Asthma 


150 mg 


Slight improvement in FEV, 


Israel et al., 1988 


(LY 186655) 








DeBrito et al., 1997 


Piclamilast 


Asthma 


200-800 u,g a 


No effect 


(RP 73401) 








Chikanza et al., 1996 




Arthritis 


400 ^g, t.i.d. 


Slight suppression of CRP and IL-6; 








improvement in symptoms 




Arofylline 


Asthma 


20 mg 


Improved FEV, 


Norman, 1999 


(LAS-31025) 








Harbinson etal., 1997 


CDP-840 


Asthma 


15 mg, b.i.d. 


Suppression of LAR 


Ariflo 


Asthma 


10-15 mg, b.i.d. 


Improved FEV, ; protection 


Brown, 1999 


(SB 207499) 






in exercise-induced asthma 


Brown, 1999 




COPD 


10-15 mg, b.i.d 


Improved FEV, 


Atizoram 


Asthma 


? 


No published results 




(CP-80633) 








Hanifinet al., 1996 




Atopic 


0.5% ointment b 


Suppression of inflammatory 




dermatitis 




parameters 


Kawasaki etal., 1992 


Ibudilast c 


Asthma 


20 mg, b.i.d. 


Suppression of hypersensitivity 
to histamine 


Zardaverine c 


Asthma 


6mg° 


Modest bronchodilation 


Bruneeetal., 1992 




COPD 


1.5-6 mg a 


No effect 


Ukenaet al., 1995 


Benafentrine c 


Asthma 


2-24 mg a 


Slight bronchodilation in normal 


Foster etal., 1992 


(Ah 21-132) 






volunteers by inhalation; 










no effect when administered i.v. or p.o. 



a Compounds administered by inhalation. 
b Compounds administered topically to the skin. 
c Dual PDE3/4 inhibitors. 
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matics (DeBrito et al., 1997). In phase II trials, 
Ariflo (10 mg, b.i.d.) showed efficacy in exercise-in- 
duced asthma (Brown, 1999) and a dose of 15 mg 
has been reported to improve respiratory function in 
patients with asthma who are not adequately con- 
trolled by inhaled corticosteroids (Compton et al., 
1999a). Treatment with Ariflo for 6 weeks resulted 
in a 160-ml improvement in trough FEV, from 
placebo. Preliminary (6-week) data from a phase III 
trial involving over 300 patients with asthma showed 
that Ariflo (15 mg b.i.d.) markedly improved FEVj 
compared to placebo (Compton et al., 1999a). 

Of the other rolipram-like structures, atizoram and 
filaminast have been withdrawn from development 
for asthma probably because of side-effects in the 
clinic (Norman, 1998). The most interesting of the 
remainder is the xanthine analogue, arofylline, which 
is now in phase III clinical trials (Norman, 1999). 
The only clinical data reported are from a small 
phase II study (16 patients with mild asthma) in 
which a significant increase in FEV, was observed 
with arofylline (20 mg) 1 h after administration 
(Norman, 1999). Little or no information is available 
on the development of other PDE4 structural classes, 
although it is known that clinical studies with several 
compounds are ongoing. 

Debate still centres around the issue of whether 
selective PDE4 inhibitors or dual PDE3/4 inhibitors 
will be more efficacious in the treatment of asthma. 
That dual PDE3/4 inhibitors are more effective 
bronchorelaxants than selective PDE4 inhibitors is 
generally acknowledged (Souness and Giembycz, 
1994; Underwood et al., 1994). There is little or no 
in vivo data from animal models of inflammation, 
however, to support the view that PDE3 /4 inhibitors 
are more powerful anti-inflammatory agents than 
selective PDE4 inhibitors (Underwood et al., 1994). 
The bronchodilatory activity of two dual PDE3/4 
inhibitors, benafentrine (AH 21-132) and zardaver- 
ine (for structures, see Fig. 5), has been evaluated in 
the clinic. When administered to normal volunteers 
by inhalation, benafentrine caused bronchodilation 
but was inactive when administered orally or intra- 
venously (Foster et al, 1992). Zardaverine produced 
slight bronchodilation when administered by inhala- 
tion to asthmatics (Brunnee et al., 1992), but was 
inactive in patients with COPD (Ukena et al., 1995). 
Although the major concern of such mixed inhibitors 




Me 

lbudilast (Kyorin) 




Benafentrine 
(AH 21-132 - Novartis) 




Zardaverine (Byk Gulden) 

Fig. 5. Structures of dual PDE3/4 inhibitors for which clinical 
efficacy data in inflammatory diseases have been reported. 



is their potential for causing cardiovascular side-ef- 
fects (hypotension, increased cardiac contractility), 
the major problems observed in the clinic with zar- 
daverine are those associated with inhibition of 
PDE4, namely nausea and emesis (Brunnee et al., 
1992) (see below). 

7.6. Clinical restdts in COPD patients 

Recent results from a phase II trial in patients 
with COPD have demonstrated that treatment with 
Ariflo (15mg b.i.d. for 6 weeks) increases FEV, and 
forced vital capacity (FVC) by 11% and 7% over 
baseline, respectively. Ariflo treatment also improves 
peak expiratory flow rate (PEFR) by 25.3 1/min, 
exertional dyspnea, rescue bronchodilator use, as 
well as resting and post-exercise Sa0 2 (Compton et 
al., 1999b). In the same clinical trial, Ariflo (10 and 
15 mg) improved quality of life in COPD patients 
(Compton et al., 1999c). Adverse effects (e.g. 
headache) in these studies were reported as being 
mild to moderate in intensity and resolved by the end 
of the study (Brown, 1999). This suggests that Ariflo 
may be better tolerated in COPD patients than in 
asthma patients in whom nausea and vomiting is 
reported to occur when administered in 15 or 20 mg 
doses (Brown, 1999). Phase III clinical trials in 
COPD patients are ongoing and the results are 
awaited with interest. 
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8. Potential of PDE4 inhibitors in arthritis 

RA is a painful, crippling systemic autoimmune 
disease of uncertain cause characterized by inflam- 
mation and progressive destruction of synovial joints 
(Pincus and Callahan, 1993). T-cells and monocytes, 
which are abundant in the RA synovium, play an 
important role in the disease. IL-ip and TNF-a are 
believed to play pivotal roles in causing the tissue 
damage in the RA joint and, in experimental models, 
administration of TNF-a directly into the rheumatoid 
joint initiates synovitis directly (Henderson and Pet- 
tifer, 1989). Current research is firmly focussed upon 
slowing (or halting) disease progression rather than 
modifying the accompanying symptoms and there is 
considerable interest in the treatment of RA through 
suppressing pro-inflammatory cytokines, particularly 
TNF-a (Badger and Lee, 1997). Thus, agents that 
elevate cyclic AMP, including PDE4 inhibitors that 
can suppress TNF-a release, may have potential in 
RA (Badger and Lee, 1997). 

8.1. Preclinical models 

Early rat adjuvant- induced arthritis studies (Bonta 
et al., 1978) with a combination of PGE, and theo- 
phylline were the first to indicate that cyclic AMP 
PDE inhibitors have anti-arthritis actions. Informa- 
tion in a Kyorin patent indicates that ibudilast re- 
duces acute and chronic edema in adjuvant-induced 
arthritis (Irikura et al., 1987). More recently, rolipram 
has been shown to ameliorate adjuvant arthritis in 
rats (Sekut et al., 1995) and collagen II-induced 
arthritis (CIA) in rats and mice (Nyman et al., 1997; 
Ross et al., 1997). Rhone-Poulenc Rorer compounds, 
piclamilast and RPR 109026, cause suppression of 
symptoms in the CIA model in DBA/ 1 Lac J (H2 q ) 
mice equivalent to the suppression observed with an 
anti-TNF-a antibody (TN3-19.12, Genzyme) (Sou- 
ness and Foster, 1998). Morphometric analysis of 
joints reveals that histological parameters (joint de- 
struction, synovitis, erosion and fibrosis) are signifi- 
cantly improved by piclamilast and RPR 109026 
(Souness and Foster, 1998). Similar suppression of 
disease symptoms by piclamilast is observed in the 
Streptococcal cell wall (SCW)-induced arthritis 
model in Lewis rats (Souness and Foster, 1998). 
Once again, joint swelling is suppressed and histo- 
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morphometric analysis reveals decreased areas of 
pannus and synovitis as well as a reduced absorption 
index (Souness and Foster, 1998). Several potential 
mechanisms may underpin the anti-arthritic actions 
of PDE4 inhibitors. These include inhibiting TNF-a 
release, increasing IL-10 release or suppressing func- 
tions of T-lymphocytes as well as direct, protective 
effects on cartilage and bone (Souness and Foster, 
1998). Although stimulation of the hypothalamic- 
pituitary-adrenal axis (HPA) in rodents has previ- 
ously been suggested as a possible mechanism by 
which PDE4 inhibitors exert their anti- inflammatory 
effects (Kumari et al., 1997), this is unlikely to 
account for the effects observed in SCW arthritis. 
For example, piclamilast ameliorates disease severity 
in SCW-induced arthritis in Lewis rats, a rat strain 
whose susceptibility to this disease has been at- 
tributed to a defective HPA response, without affect- 
ing either ACTH or corticosterone levels (Souness 
and Foster, 1998). 

8.2. Clinical results in RA patients 

RA patients treated with piclamilast (400 |xg t.i.d., 
4 weeks) in a small clinical study showed a positive 
trend in respect of serum concentrations of IL-6 and 
CRP although the corresponding levels of TNF-a 
and IL-1 were unaffected (Chikanza et al., 1996). 
Patients reported some improvement in symptoms. 
The administration of higher doses of piclamilast 
was prohibited by side-effects (Souness and Foster, 
1998). A member of a series of structural analogues 
of thalidomide, which possess PDE4 inhibitory activ- 
ity known as SelCIDs (selective cytokine inhibitory 
drugs, Celgene; CC-3052), is reported to be in devel- 
opment for RA (Norman, 1998; Souness and Foster, 
1998). 



9. Potential of PDE4 inhibitors in MS 

Because of the numerous reports indicating that 
PDE4 participates in the biochemical processes con- 
trolling the behaviour of mammals and lower organ- 
isms, the potential of PDE4 inhibitors in treating 
various psychotic disorders was identified and early 
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compounds such as rolipram and denbufylline were 
developed for diseases such as depression and de- 
mentia (Palfreyman and Souness, 1996). Indeed, 
rolipram is still being developed by Meiji Seika in 
Japan for post-shock depression (Norman, 1998). 
More recently, interest has switched towards CNS 
indications where inflammation is thought to con- 
tribute to the pathology of the disease. As well as 
suppressing cytokine production and adhesion 
molecule expression in inflammatory cells in brain 
(Ballestas and Benveniste, 1997; Buttini et al., 1997; 
Yoshikawa et al., 1999), PDE4 inhibitors protect 
against blood-brain barrier disruption and are neuro- 
protective (Hulley et al., 1995; Kato et al., 1995; 
Uchiyama-Tsuyuki et al., 1996; Block et al., 1997; 
Yamashita et al., 1997; Belayev et al., 1998). Thus, 
patients with CNS diseases in which neuronal dam- 
age occurs as a consequence of an underlying in- 
flammation, such as Alzheimer's disease, Parkinson's 
disease and stroke, may be responsive to PDE4 
inhibitor therapy. Particular attention has focused on 
the development of PDE4 inhibitors for MS for 
which impressive efficacy in animal models has been 
reported (Dinter et al., 1997). 

MS is an autoimmune disease characterized 
histopathologically by multiple foci of inflammation 
and demyelination disseminated throughout the brain, 
spinal cord and optic nerves (Hoban, 1998). The 
disease is highly variable between and within indi- 
viduals over time and can adopt a progressive relaps- 
ing-remitting time course (Hoban, 1998). Early in 
the course of MS, inflammation (including immune 
cell infiltrates) and edema may occur, whereas in 
later stages of the disease, chronic demyelination, 
oligodendrocyte loss, astrogliosis and axonal damage 
are prominent (Hoban, 1998). 

9.1. Preclinical models (experimental allergic en- 
cephalomyelitis, EAE) 

In EAE in Lewis rats and marmosets, a model of 
MS in which TNF-a and MBP autoreactive T-cells 
have been implicated, PDE4 inhibitors, such as 
rolipram and ibudilast, are effective in reducing 
symptoms (Genain et al., 1995; Sommer et al., 1995, 
1997; Fujimoto et al., 1999). In the relapsing-remit- 
ting mouse EAE model, administration of rolipram 
reduces clinical signs of EAE during the initial 



episode of the disease and in subsequent relapses 
(Sommer et al., 1997). This is accompanied by a 
marked reduction of demyelination and inflammation 
throughout the CNS and suppressed gene expression 
of pro-inflammatory cytokines in brain (Sommer et 
al., 1997). A principal mechanisms by which rolipram 
exerts these effects appears to be through suppres- 
sion of Th-1 cytokine release, although the encephal- 
itogenic potential of MBP-specific T-cells is not 
impaired (Sommer et al., 1997). 

At the time of writing, there is no indication that a 
PDE4-selective inhibitor has been tested in MS pa- 
tients. 



10. Potential of PDE4 inhibitors in dermatological 
disorders 

Although the level of interest in PDE4 inhibitors 
as potential treatments for dermatological disorders 
has fallen a long way short of that directed at 
respiratory disorders, compounds have been evalu- 
ated with some success in patients with dermatologi- 
cal complaints such as atopic dermatitis (AD) and 
psoriasis (Sawiski et al., 1979; Hanifm, 1991; Hani- 
fin et al., 1996). AD is a chronic inflammatory skin 
disease characterized by pruritis, cutaneous reactivity 
and erythma, frequently seen in patients with a his- 
tory of respiratory allergy (Bird and Montana, 1996). 
Although the etiology is unknown, the disease clearly 
has an underlying immunological/ inflammatory ba- 
sis with mast cells, Th-2 cells and eosinophils being 
implicated (Bird and Montana 1996). Furthermore, 
inflammatory cytokines, particularly IL-4 and TNF- 
a, are thought to be important factors in the etiology 
of the progression of the disease and are thus poten- 
tial targets for drug intervention (Bird and Montana, 
1996). Some (Grewe et al., 1982; Townley, 1993), 
but not all (Gantner et al, 1997c), reports indicate 
that in monocytes from atopic individuals, cyclic 
AMP PDE activity is elevated although the basis for 
this is uncertain (Giembycz and Souness, 1995). 
Reduced ^-adrenoceptor responsiveness (Grewe et 
al., 1982), as well as enhanced release of histamine, 
IL-4, PGE 2 and lgE have been linked to the in- 
creased cyclic AMP PDE in MNL from atopic indi- 
viduals (Butler et al., 1983; Cooper et al., 1985; 
Chan et al., 1993a,b). 
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I OA. Preclinical models 

PDE4 inhibitors reduce eosinophil accumulation 
in antigen-induced skin inflammation models 
(Teixeira et al., 1997; Cooper et al., 1999). In a 
cutaneous inflammation model in guinea-pigs, PDE4 
inhibitors suppress the trafficking of antigen [ I]- 
labelled eosinophils into sensitized skin sites (Co- 
oper et al., 1999). Suppression of PAF and op- 
sonized zymosan-induced skin eosinophilia is also 
observed (Cooper et al., 1999). A recent, preliminary 
report shows PDE4 inhibitors to suppress antigen-, 
but not histamine-induced edema in the skin of 
sensitized guinea-pigs (Newbold et al., 1999). PDE4 
inhibitors reduce passive cutaneous anaphylaxis 
(PCA) in the skin of rats, mice and guinea-pigs 
possibly by inhibiting mediator release (Davies and 
Evans, 1973). Direct evidence for inhibition of medi- 
ator release by PDE4 inhibitors has been demon- 
strated in other skin inflammation models (Griswold 
et al., 1993). 

10.2. Results from clinical studies 

Ro 20-1724 and CP-80633 demonstrate some 
efficacy when applied topically to AD patients 
(Hanifin, 1991; Hanifin et al., 1996). For example, 
atizoram, when applied as a topical ointment (0.5%) 
over 28 days to affected areas in 20 AD patients, 
demonstrated efficacy with significant reductions in 
all inflammatory parameters measured (Hanifin et 
al., 1996). 

11. Potential of PDE4 inhibitors in other inflam- 
matory diseases 

A glance through the numerous patents on PDE4 
inhibitors reveals a large number of indications for 
which this class of compounds is claimed to be of 
therapeutic benefit. Many of these are diseases in 
which TNF-a is implicated as an important patho- 
logical factor. In general, there is little hard, pub- 
lished data in experimental animal models to support 
most of these claims. However, several studies in 
animal models have demonstrated that PDE4 in- 
hibitors suppress inflammation in a variety of tissues 
other than those mentioned above, which would 



point to an extended potential therapeutic utility for 
this class of compounds. Protection against T-cell- 
mediated liver damage by rolipram and the PDE3 
inhibitor, motapizone, may have therapeutic implica- 
tions for treatment of liver failure caused by viral 
infections (Gantner et al., 1997a; Xiang et al., 1999). 
Normalization of very long chain fatty acids and 
inhibition of inflammatory cytokines by agents that 
elevate cyclic AMP, including PDE4 inhibitors, may 
indicate potential in the treatment of X-adren- 
oleukodystrophy (Pahan et al., 1998). The impor- 
tance of TNF-a in septic shock has been demon- 
strated with antibodies in animal and clinical studies 
(Bloxham, 1994) and PDE4 inhibitors lower serum 
TNF-a and decrease mortality in LPS-induced endo- 
toxic shock in mice (Sekut et al., 1995). Finally, 
rolipram prevents autoimmune insulitis and diabetes 
in NOD mice, a disease model in which IFN-7 and 
IL-12 have been implicated as pathological factors 
(Liang et al., 1998). These data suggest that PDE4 
inhibitors may be useful in the treatment of autoim- 
mune diabetes and other conditions characterized by 
excessive production of cytokines. 

12. Side-effects and strategies to improve thera- 
peutic ratios 

From the previous discussion, it is clear that 
PDE4 inhibitors have considerable therapeutic poten- 
tial. Furthermore, they are generally devoid of the 
cardiovascular side-effects (increased cardiac con- 
tractility, vasodilatation, potential arrhythmogenic 
activity) associated with PDE3 inhibitors (Treese and 
Rhein, 1990). However, they do exhibit a number of 
side-effects which may limit their potential therapeu- 
tic utility, especially if they are to be administered by 
mouth. This, perhaps, is not surprising in view of the 
wide-ranging tissue distribution of PDE4. 

Gastrointestinal (GI) side-effects have been ob- 
served with several PDE4 inhibitors in the clinic. 
Nausea and vomiting have been reported following 
administration of rolipram (Eban and Ruther, 1985), 
tibenalast (Israel et al., 1988), ibudilast (Kawasaki et 
al., 1992), BRL-61063 (Everitt et al., 1994), zardav- 
erine (even by the inhalation route) (Brunnee et al., 
1992), Ariflo (Brown, 1999) and piclamilast (De- 
Brito et al., 1997) to human subjects. Emesis and 



J.E. Souness et al. / Immunopharmacology 47 (2000) 127-162 



149 



central nervous system side-effects are also observed 
in dogs and ferrets following administration of PDE4 
inhibitors (Heaslip and Evans, 1995; Duplantier et 
al., 1996; Robichaud et al., 1999). The mechanism(s) 
by which PDE4 inhibitors induce these side-effects 
is/are uncertain but central actions are likely to be 
involved (Carpenter et al., 1988; Robichaud et al, 
1999). PDE4 inhibitors are also potent stimulators of 
acid secretion (Puurunen et al., 1978) from gastric 
parietal cells, and this may contribute to the gastro- 
intestinal disturbances which have been reported in 
the clinic. Other side-effects observed with PDE4 
inhibitors, such as the neckache and backache ob- 
served with piclamilast (DeBrito et al., 1997), may 
be structure- rather than mechanism-related since 
they are not widely reported phenomena with PDE4 
inhibitors in the clinic. 

Considerable effort is currently being directed 
towards the improvement of both the efficacy and 
side-effect profiles (in particular, reduced nausea and 
vomiting) of this class of compound. Several phar- 
maceutical companies have attempted to identify 
compounds that selectively discriminate among the 
four different PDE4 subtypes (Muller et al., 1996) 
and it is likely that in vitro and in vivo pharmaco- 
logical information on such inhibitors will be re- 
leased in the near future. However, a clear rational/ 
linking therapeutic efficacy coupled with reduced 
side-effects to selective inhibition of one PDE4 sub- 
type has not so far emerged. 

Some adverse effects of PDE inhibitors, notably 
emesis and acid secretion, appear not to be correlated 
with inhibition of the catalytic site of PDE4 but are 
more closely associated with displacement of 
rolipram from its high-affinity binding site which, as 
discussed previously, probably represents a confor- 
mation of one or more PDE4 subtypes with which 
rolipram binds with high affinity (HA-PDE4) (Sou- 
ness and Rao, 1997; Torphy, 1998). Certain anti-in- 
flammatory actions of PDE inhibitors, however, cor- 
relate more closely with inhibition of a PDE4 form 
against which rolipram exhibits relatively low po- 
tency (> 100 nM) (LA-PDE4) (Souness and Rao, 
1997; Torphy, 1998) and several groups have at- 
tempted to identify compounds which potently and 
preferentially inhibit at this site with a view to 
reducing side-effects. Although compounds which 
show preference for the low-affinity PDE4 have 



been synthesized .(Cheng et al., 1995; Masamune et 
al., 1995; Duplantier et al., 1996), data on their 
efficacy and side-effects profile have not been forth- 
coming. It is probable that compounds with the 
requisite LA-PDE4 /HA-PDE4 ratio, as well as ap- 
propriate physicochemical properties required of an 
orally bioavailable drug, have not been identified, 
thereby frustrating attempts to determine whether 
this is a viable approach to improve the therapeutic 
ratio. The view, that the anti-inflammatory actions of 
PDE4 inhibitors are linked to LA-PDE4 whereas the 
side-effects are associated with HA-PDE4, is almost 
certainly an oversimplification. The multitude of 
PDE4 forms, their complex cell/tissue distribution, 
and as their differential up- and downregulation in 
response to a variety of extracellular (including in- 
flammatory) stimuli, mean that a multitude of factors 
have to be considered to formulate a rational ap- 
proach in identifying improved PDE4 inhibitors. If 
the ideas proposed by Houslay et al. (1998) have 
substance, it is even possible that different functional 
responses in individual inflammatory cells are cou- 
pled to different cyclic AMP generating, detecting 
and degrading enzymes in discreet intracellular com- 
partments. Evidence exists that structural features of 
different PDE4 forms determining subcellular local- 
ization also influence sensitivity to inhibitors. The 
logical consequence is that structure-activity rela- 
tionships exhibited by a range of PDE4 inhibitors 
against different functional responses in the same 
inflammatory cell may not be identical. 



13. Conclusions 

Ten years have passed since the publication of the 
first information highlighting the potential of PDE4 
inhibitors for the treatment of asthma, and where do 
we stand? A large number of structurally diverse 
compounds have been synthesised and, although 
many show impressive efficacy in preclinical mod- 
els, results in asthma patients to date have been 
disappointing. Arofylline, CDP-840 and Ariflo and 
others that have been evaluated orally and all, with 
the exception of Ariflo, have exhibited unimpressive 
efficacy at tolerated doses. Ariflo, itself, appears to 
be making greater progress as a potential treatment 
for COPD than for asthma. No greater success has 
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been achieved by the inhalation route with com- 
pounds such as piclamilast, the side-effect of which 
prohibited raising of doses sufficiently to demon- 
strate efficacy (DeBrito et al., 1997). 

Few studies have been conducted in other dis- 
eases. Piclamilast exerts effects on clinical markers 
in rheumatoid arthritis (Chikanza et al., 1996), but 
unimpressive efficacy and side-effects issues resulted 
in Rhone-Poulenc Rorer discontinuing its develop- 
ment. Other companies are reported to be taking 
their compounds into RA clinical trials, but no infor- 
mation on efficacy has so far been reported. This is 
also the case for MS where considerable pre-clinical 
data would suggest that PDE4 inhibitors alone or in 
combination with other drugs may have a beneficial 
impact on the disease. There have been reports that 
PDE4 inhibitors reduce symptoms in patients with 
atopic dermatitis (Hanifin, 1991; Hanifin et al, 1996) 
and psoriasis (Sawiski et al., 1979). It is known that 
Pfizer are currently developing the rolipram ana- 
logue, atizoram, for the treatment of atopic dermati- 
tis but there are limited reports updating progress in 
the development of compounds for dermatological 
applications. 

The most exciting development has been the 
demonstration of efficacy by Ariflo in phase II/III 
clinical trials in COPD patients (Brown, 1999). 
However, COPD is a term that encompasses several 
fragmented patient populations who manifest, to 
differing degrees, emphysematous and bronchitic 
symptoms (Barnes, 1998). Which patient group will 
benefit the most from Ariflo therapy, and whether 
combination therapy with steroids and bronchodila- 
tors will provide added benefits, have yet to be 
established. The mechanism(s) by which Ariflo ex- 
erts its beneficial effects in COPD remains unknown, 
although inhibition of TNF-a release, neutrophil re- 
cruitment and activation, epithelial cytoprotection, 
suppression or excitatory nerve-induced inflamma- 
tion and bronchodilatation are potential candidates 
(Torphy, 1998). 

As mentioned previously, it is possible that dose 
limitations imposed by the onset of side-effects cur- 
rently prevent the full potential of PDE4 inhibitors 
being realised, particularly in the treatment of asthma. 
In spite of numerous setbacks, many companies re- 
main active in the field and are testing novel PDE4 
inhibitors in the clinic, although it is uncertain what 



advantage these hold over those that have already 
been evaluated. The therapeutic ratios of all the 
compounds that have entered clinical trials at the 
time of writing are either non-existent or slim. Even 
Ariflo, which has been tested at 15 mg (b.i.d.) in 
COPD patients, is reported to induce nausea and 
vomiting in asthma patients at 1 5 and 20 mg (Brown, 
1999). As discussed above, rational or semi-rational 
approaches to improve therapeutic ratios, based on 
our vastly improved knowledge of the molecular 
biology and biochemistry of PDE4, have not yet 
been fruitful. Whatever the difficulties, PDE4 re- 
mains a highly active field of drug research in which 
there is justifiable optimism for a successful com- 
mercial outcome. 
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